We report the simultaneous formation and transfer of GaAsN nanostructure layers to alternative substrates, a process termed "ion-cut synthesis". Ion-cut synthesis is induced by nitrogen ion implantation into GaAs (GaAs:N), followed by spin-on-glass (SOG) mediated wafer bonding and high temperature rapid thermal annealing (RTA). Due to the low ion-matrix diffusivity of GaAs:N, RTA induces the formation of both nanostructures and gas bubbles. The gas bubble pressure induces the formation and propagation of cracks, resulting in transfer of the 2 nanostructured layer. We discuss the critical role of the physical properties and thickness of the substrates and the SOG layer to the achievement of ion-cut synthesis.
I. INTRODUCTION
During the past decade, ion implantation followed by thermal annealing has emerged as a promising approach for the formation of gas bubbles and/or nanocrystalline phases. For implantation of light ions into semiconductors, the formation and coalescence of gas bubbles has led to the development of an approach for heterogeneous materials integration, termed ion-cut or smart-cut TM . 1 The ion-cut process involves high-energy ion implantation into a donor substrate which is then bonded to another substrate. Subsequent thermal annealing leads to the formation and coalescence of gas bubbles, resulting in fracture of the original substrate. This surface layer remains bonded to the new substrate, and the original substrate may be re-used for additional thin film processing. Ion-cut was first demonstrated using H ions to transfer crystalline silicon to an amorphous oxide; 1 it was subsequently expanded to other light ions such as He 2 and D, 3 as well as H/He co-implantation. 4, 5 To date, ion-cut has been used to transfer InP to glass, 6 SiGe to Si, 7, 8 SiC to Si 9 and glass, 10 GaSb to glass 11 and GaAs, 12 Ge to Si, 13 garnet to Si, InP, and GaAs, 14 and complex oxides such as SrTiO 3 to glass 15 and LiNbO 3 to silicon. 16 In these light-ion, highdiffusivity systems, bubble formation and layer transfer have been reported to occur within relatively low dose 17 (3 x 10 16 -1 x 10 17 cm -2 ) and temperature 18 (400 -600 ºC) windows.
It is also possible to precipitate nanocrystalline phases using ion implantation followed by thermal annealing. For example, precipitation of Si nanocrystals in Si:H 19 and SiO 2 :He 20 and
GaN nanocrystals in GaAs:N have been reported. 21, 22 In light-ion, high-diffusivity systems, such as Si:H, the formation of nanocrystals requires high ion doses (1 -3 x 10 17 cm -2 ) and high annealing temperatures (600 -800 ºC), 19 conditions which are very different from those needed for bubble formation and layer transfer. For both nanocrystals and gas bubbles to be observed simultaneously, the gas bubbles would need to be stable at the high temperatures required for nanocrystal formation. Indeed, the high diffusivity of H in Si:H may preclude the formation of "stable" gas bubbles at the high temperatures required for nanocrystal formation. Thus, it is not surprising that the simultaneous formation and transfer of a nanostructure layer has not been reported to date.
On the other hand, in a system with low ion-matrix diffusivity, the formation of both nanocrystals and bubbles at high temperature has been reported. For example, in GaAs:N, precipitation of both nitrogen gas bubbles and nitride nanocrystals has been observed. 23 The
GaAsN nanostructures consisted of nanometer-sized GaN-rich crystallites in an apparently amorphous matrix, which we will refer to as a "GaAs:N nanocomposite." Photoluminescence and cathodoluminescence spectroscopy showed significant emission in the near-infrared range, apparently related to those nanostructures. 21, 22 In addition, due to the observed formation of both nanocrystals and gas bubbles following high-temperature annealing of GaAs:N, the simultaneous nanostructuring and layer transfer of GaAs:N was proposed, 24 but not yet achieved.
In this Letter, we report on the development and demonstration of a new technique for the simultaneous nanostructuring and layer transfer of a GaAs:N film, termed "ion-cut synthesis."
Ion-cut synthesis is accomplished via N-ion implantation in GaAs, followed by spin-on glass (SOG)-mediated wafer bonding and rapid-thermal annealing (RTA). Due to the low ion-matrix diffusivity of GaAs:N, high-temperature RTA induces the formation of both nanocrystals and gas bubbles. Since the gas bubble pressure induces the formation and propagation of cracks, 4 simultaneous nanostructuring and layer transfer are accomplished. Finally, we show that the achievement of ion-cut synthesis depends on the physical properties and thickness of the substrates and the SOG layer.
II. EXPERIMENTAL METHODS
GaAs films (undoped or Si-doped, ~1 µm thick) were grown by molecular-beam epitaxy on (001) GaAs. These films were implanted with 100 keV N + at a fluence of 5 x 10 17 cm -2 , as described in earlier reports. 23, 25 To minimize ion channeling, a ~7° ion beam angle of incidence with respect to the sample surface normal was used. During implantation, the GaAs substrate temperature was maintained at -196 °C, as measured by a thermocouple attached to the sample holder. In preparation for bonding, the N-implanted GaAs (GaAs:N) and polycrystalline Al 2 O 3 and AlN substrates were cleaned with a sequence of deionized (DI) water, acetone, and methanol, followed by a final DI water rinse. Immediately prior to bonding, SOG layers consisting of either a commercial polymethylsilsesquioxane PMSSQ SOG (Filmtronics FG65), or a methyltrimethoxysilane -1,2-bis(triethoxysilyl)ethane (MTMS-BTSE) SOG synthesized at NIST, 26 were spin-coated onto the ceramic substrates. In the case of the PMSSQ films, a thickness of 1000 nm was achieved by spin-coating the solution at 3500 r.p.m. for 30 seconds.
To achieve a thickness of 200 nm, the solution was diluted with 25% ethyl acetate and spun at 3000 r.p.m for 20 seconds. 200 nm MTMS-BTSE films were obtained by spin-coating at 1200 r.p.m. for 15 seconds. Following these surface preparations, ~3 mm x 3 mm GaAs:N pieces (~600 µm thick) and ~1 cm 2 ceramic substrates (~100 µm thick) were pressed together (at room temperature) with tweezers, a process which we will refer to as "joining". The final step fracture (the energy release rate, G) with its corresponding materials property that governs failure (the toughness, Γ), aiming to maintain G < Γ. G is proportional to a thermal expansion coefficient (TEC) mismatch and thickness, but independent of the in-plane dimensions of the wafer(s) 30 , as follows:
III. MATERIALS SELECTION
We first consider the initial step of joining the implanted GaAs wafer to a ceramic substrate, as shown in Fig. 1(a) , neglecting the thickness of the viscous SOG layer. We then consider the step of high-temperature annealing, at which point much of the original substrate is removed (via layer splitting), as shown in Fig. 1(b) , leaving the transferred GaAsN nanostructure layer with a thickness similar to that of the solidified SOG bonding layer.
Folllowing the initial joining of the implanted GaAs and ceramic substrate, shown in Fig.   1(a) , subsequent excursions between RT and the RTA temperature result in an increased G. Following the high-T annealing step, shown in Fig. 1(b) , the original GaAs substrate is removed by layer splitting, and the remaining bonding and transferred nanocomposite layers, with similar thicknesses, are both expected to contribute to G, with the relevant toughness being that of the solidified bonding layer Γ SOG . Neglecting the transferred layer, G is then expressed as in Eqn. (1), with Δα annealed = α ceramic -α SOG and h = h SOG , the thickness of the solidified bonding layer.
First, we consider the influence of h SOG using a commercial MSSQ SOG (Filmtronics FG65). 32 The ~1000 nm (~200 nm) thick SOG layers are referred to as "thick" ("thin") bonding layers. The surface morphology of the transferred layer achieved with the thick bonding layer is shown in the SEM image in Fig. 2(a) . The transferred GaAs:N layers contain channel cracks that apparently extend into the bonding layer, as suggested by the AFM and corresponding line-cut in Fig. 2(b) . The presence of channel cracks suggests an overall tensile stress in the bonding and transferred layers. The rms roughness (R rms ) of the transferred layer is 190±30 nm, as determined from areas similar to that shown by the dashed-line box in Fig. 2(b) (i.e., excluding channel cracks).
For a "thin" SOG layer, as shown in Fig. 2(c) , channel-cracking is not apparent. In addition, the R rms of the transferred area is 60±20 nm, roughly half that of the cracked layer in 8 Fig. 2(b) . AFM also reveals "hole" defects (highlighted with dashed circles in Fig. 2(d) ). The depths of these defects are on the order of the transferred film thickness, and of a similar diameter to the circular blisters observed in unbonded layers. 25 Thus, it is likely that these defects are due to the formation of blisters and/or voids in localized areas with insufficient bonding.
We also examined the influence of Δα annealed , which is equal to α ceramic -α SOG , via an SOG with a TEC more similar to those of the ceramic substrates. For this purpose, we used a MTMS-BTSE copolymer based SOG, which has been observed to exhibit a compositiondependent TEC. 26 A TEC of ~6 x 10 -6 ºC -1 is feasible with 50 mol% BTSE in the SOG formulation synthesized from pure MTMS. In particular, the TEC of the copolymer decreases with increasing BTSE concentration, with a BTSE concentration of ~50% most desirable for TEC-matching of the SOG film to the ceramic substrates.
IV. SYNTHESIS AND TRANSFER OF GaAs:N LAYERS
Using the MTMS-BTSE SOG, we achieved the formation and transfer of nanostructured HRTEM studies, which reveal average lattice fringe spacings of 2.02 ( Fig. 4(a) ) and 2.26 Å (Fig.   4(b) ), within 0.5% of the {102}, {200} interplanar spacings of ZB GaN.
V. SUMMARY AND CONCLUSIONS
In summary, we report a new technique for the simultaneous nanostructuring and layer transfer of a GaAs:N film, termed "ion-cut synthesis." Ion-cut synthesis is accomplished via Nion implantation in GaAs, followed by SOG-mediated wafer bonding and RTA. Due to the low ion-matrix diffusivity of GaAs:N, high-temperature RTA induces the formation of both nanocrystals and gas bubbles. We show that the successful achievement of ion-cut synthesis depends on the physical properties and thickness of the substrates and bonding layer. Ion-cut synthesis is expected to be useful for the integration of semiconductor nanocomposites with a wide variety of functional alternative substrates. 
ACKNOWLEDGMENTS

